High-performance permanent magnet synchronous motor(PMSM) systems used in electric vehicle(EV) are required to deliver high efficiency over the wide speed and torque ranges. This paper proposes a novel efficiency optimization control strategy of PMSM system EV which can maximize the system efficiency in both steady and dynamic state. As the PMSM is directly connected with the load, caused the output torque of motor is a function of the rotate speed, this study is focused on the dynamic system model with the driving cycle which considers about motor copper loss, motor iron loss and inverter loss. Based on the dynamic system model, the proposed control strategy can optimize motor loss and inverter loss together, by which the system efficiency is increased over the whole operation duty. Compared with traditional control strategy, the proposed control strategy can decrease the energy consumption over the whole driving cycle. Both theoretical analysis and experimental results verifies the validity of proposed efficiency optimization control strategy.
Introduction
As a limited energy system, the energy consumption in the driving cycles will directly affect the endurance and loads of EVs. To improve the performance of EVs, it is important to increase the efficiency of power and energy management system. The PMSM system provides driving force for EVs and lead a large part of loss in the power and energy management system. Therefore, to decrease the energy consumption, it is significant to enhance the system efficiency of PMSM system.
There are several control strategies for PMSM system, such as id=0 control [1] , MTPA control [2] , unity power control [3] and loss model control [4] , etc.
The id=0 control, MTPA control and unity power control only focus on parts of system loss which will not obtain the maximum efficiency of PMSM. The loss model control can achieve the minimum motor loss by optimizing both copper loss and iron loss in the steady state. There are also a few modulation control strategies for power converters, such as space vector PWM, selected harmonic elimination PWM and minimum switching loss PWM, etc. All these control strategies only consider about parts of system loss and ignore the coupling relationship between PMSM and inverter.
This paper proposes a nonlinear system loss model of PMSM direct drive system which consists of both motor loss and inverter loss. As the PMSM is drove by the three-phase half-bridge inverter, there must be harmonic current in winding caused by the PWM output voltage, which will generate harmonic loss in the PMSM. This paper applies double Fourier integral analysis theory to calculate the fundamental components and harmonics of stator current, by which a whole-frequency loss model of PMSM is created to consider about fundamental motor loss and harmonic motor loss together. To obtain an accurate inverter loss with sinusoidal current in PMSM, the polynomials are used to fit the nonlinear conduction and switch characteristics of power devices. Based on the nonlinear system loss model of PMSM direct drive system, a novel control strategy named efficiency optimization control is proposed in this paper which can optimize motor loss and inverter loss together. The efficiency optimization control can increase the system efficiency in both stead-state and dynamic-state, and significantly improve the energy consumption. The proposed control strategy is verified by both theoretical analysis and experimental results. Figure 1 shows the typical topology of PMSM direct drive system.
System loss model of PMSM direct drive system

Figure 1
Proposed PMSM direct drive system There are two components in the system loss of PMSM drive system: motor loss and inverter loss. As the PMSM is fed by the PWM output voltage of inverter, there are harmonic components in the stator current. Therefore, the motor loss of PMSM can be divided into two parts: fundamental motor loss and harmonic motor loss.
Fundamental loss of PMSM
The fundamental model of PMSM decoupled into daxis and q-axis is shown in the Figure 2 . From Figure 2 , the fundamental voltage equation of PMSM in the dynamic-state can be shown as
Based on the equation (1), the fundamental copper loss can be expressed as
This paper applies the Bertotti iron loss formula [5] to evaluate the iron loss, by which the iron loss per volume can be shown as
Based on the Bertotti iron loss formula, the fundamental iron loss can be expressed as
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Therefore, from equation (2) and equation (4), the fundamental loss of PMSM can be shown as
Harmonic loss of PMSM
To optimize the harmonic motor loss, it is useful to calculate the harmonic components of stator current by an analytic method. This paper applies double Fourier integral analysis to exactly identify the harmonic components of PWM output voltage in the inverter, which ensures the correct harmonics are accurate.
In double Fourier integral analysis theory [6] , the PWM output voltage of inverter can be obtained by two time variables x(t) and y(t).
Therefore, the PWM voltage can be presented as
The time-varying function f(x(t),y(t)) can be expressed as a summation of harmonic components, which are shown as 
And the fundamental and harmonic coefficients can be expressed as 
where M can be shown as 
Nonlinear loss model of inverter
To acquire accurate inverter loss in the PMSM drive system, it is important to create exact model of power devices. The Figure 3 shows that traditional linear model can only obtain accurate loss at rated working point, and will cause great computational error when the current is away from rated point. As the PMSM direct drive system has the sinusoidal current which is changing all the time, the traditional linear model will not obtain enough accurate inverter loss. Therefore, this paper use polynomials to fit the nonlinear conduction and switch character.
Figure 3 Conduction characteristics of power devices
The nonlinear conduction characteristics can be fitted 
The switching loss in a current period can be expressed as
Based on equation (14) and (16), the inverter loss of PMSM drive system can be derived as 
Loss model of PMSM system
From equation (5), (12) and (17), the system loss model can be described as PMSM test platform Figure 6 shows the difference of system efficiency between traditional control strategy and proposed control method. Compared with traditional control method, the proposed control strategy can increase the system efficiency over the whole operation range of PMSM direct drive system and will obviously improve the mileage of EVs among the driving cycle. 
Conclusion
Based on the system loss model, an efficiency optimization control strategy is proposed to optimize motor loss and inverter loss together in the both steady-stage and dynamic-stage. The efficiency optimization control can significantly decrease the energy consumption of PMSM system.
